The choroid plexus plays a wide range of roles in brain development, maturation, aging process, endocrine regulation, and pathogenesis of certain neurodegenerative diseases. To facilitate in vitro study, we have used a gene transfection technique to immortalize murine choroidal epithelial cells. A viral plasmid (pSV3neo) 
functions of the choroid plexus demands an in vitro model early region of SV40 and the bacterial neomycin phosphosystem for mechanistic approaches. Several methods for transferase gene which confers resistance to the antibiotic establishment of primary culture of choroidal epithelial geneticin (G418) [21] . Purified rat plasma TTR and rabbit cells have been reported in literature [19, 24, 31] . However, anti-rat TTR polyclonal antibody were the gifts of Dr. W. the choroidal epithelial cells in the primary culture have a Blaner at the Institute of Human Nutrition, Columbia limited ability to differentiate and a rather short life span, University. lending themselves inapt to studies that demand multiple treatments and prolonged time courses. In addition, the 2 .2. Primary cultures of choroidal epithelial cells small mass of the plexus tissue requires the experiments to pool a large quantity of tissues at the cost of considerable Choroidal epithelial cells were cultured using the methnumbers of animals. These disadvantages have limited the od established in this laboratory [31] . In short, plexus application of primary cultures to wider investigations.
tissues were collected from Sprague-Dawley rats (4-6 The purpose of this study was to use gene transfection weeks old, both sexes), purchased from Hilltop (Cottdale, techniques to establish an immortal cell line of murine PA). The protocol that involves use of animals for primary choroidal epithelial cells. We used simian virus 40 large T culture has been approved by the Institutional Animal Care antigen (SV40) to integrate the immortalizing gene into the & Use Committee at Columbia University. The plexuses host genome. The large T antigen encoded by the early were dissected, washed in Hank's buffer, chopped with region of the SV40 genome is thought to interact with the scissors, and digested in HBSS containing 0.2% pronase at growth suppressors pRB and p53 during cell immortaliza-37 8C for 5 min. After centrifugation, the pellet was tion [13] . Upon selection of immortalized cells, we charcollected, washed with HBSS, and resuspended in DMEM acterized the cell line based on its morphology, its with 10% FBS. The cells were further mechanically genotypic properties of expression of SV40 large T and dissociated by seven to eight forced passages through a resistance to cytotoxic G418, and its phenotypic charac-20-gauge needle. The dissociated cells were washed in teristics via expression of transthyretin and transferrin DMEM with 100 units / ml each of penicillin and strepreceptor. In addition, the culture was adapted onto a tomycin, and re-suspended in normal growth medium of two-chamber system in order to evaluate the tightness and DMEM supplemented, in addition to antibiotics, with 10% transport properties of the epithelial barrier.
FBS and 10 ng / ml EGF. The cells were plated in 100-mm 6 Petri dishes at the density of 0.5-1310 cells / ml and cultured in a humidified incubator with 95% air-5% CO 2 2 . Materials and methods o at 37 C. Unattached cells were discarded after 48 h. The growth medium was replaced 2 days after the initial 2 .1. Materials seeding and every 2-3 days thereafter. The culture from 5-week-old rats showed a dominant polygonal type of Chemicals were obtained from the following sources:
epithelial cells for at least 7-10 days. A 5-day culture was Dulbecco's modified essential medium (DMEM), Hanks' used in the following study. balanced salt solution (HBSS), fetal bovine serum (FBS), antibiotic-antimycin, penicillin, and G418-neomycin from Gibco (Grand Island, NY); pronase from CalBiochem-2 .3. Transfection of SV40 large T into choroidal Novabiochem (La Jolla, CA); laminin, mouse epidermal epithelial cells growth factor (EGF), gentamycin, diethylpyrocarbonate (DEPC), phenylmethylsulfonylfluoride (PMSF), bovine
Choroidal epithelial cells were transfected with the serum albumin (BSA), fibroblast growth factor (FGF), and pSV3-neoplasmid by calcium phosphate coprecipitation insulin from Sigma (St. Louis, MO); Escherichia coli method using a calcium phosphate transfection system containing the pSV3-neoplasmid (ATCC [37150) from (Gibco-BRL) [9] . Choroidal epithelial cells from the American Type Culture Collection (Rockville, MD); primary culture were plated on a 100-mm Petri dish at a 6 monoclonal anti-SV-40 large T antibody from Oncogene density of 0.5310 cells / ml. precipitates. An aliquot (1 ml) of this calcium phosphatefrom Perkin-Elmer Life Sciences (Boston, MA). All DNA suspension was added dropwise into the cells reagents were of analytical grade, HPLC grade or the best cultured in 10 ml of primary culture medium. The transfecavailable pharmaceutical grade.
tion continued for 24 h at 37 8C. At the end of the The recombinant plasmid used for transfection, pSV3-transfection, the medium containing the precipitate was neo, contains both the large and small T-antigens of the removed and the cells were cultured in the primary culture medium for another 24 h for the selection of stable oratories), reacted with 3,3-diaminobenzidine, and excolonies as described below.
amined under a microscope.
.7. Immunocytochemistry of TTR .4. Selection of neomycin-resistant cells
The cells to be stained were cultured on a glass The transfected cells were cultured in a selection coverslip for 2-3 days. The cells were fixed in 4% medium (primary culture medium plus 200 mg / ml G418) paraformaldehyde in PBS solution followed by three for 4 days to select neomycin-resistant cells, which exwashes with PBS. The cell monolayers that attached to the pressed the bacterial neomycin phosphotransferase. The glass coverslips were pretreated with 0.3% H O in PBS 2 2 medium was changed every 2 days thereafter. After 2-3 for 15 min at room temperature and incubated with 0.3% weeks under G418 selection, single colonies were isolated normal rabbit serum for 30 min. The cells were incubated using cloning rings and separately subcultured in the with rabbit anti-rat TTR antiserum (1:250 dilution) in PBS maintenance medium consisting of DMEM supplemented at room temperature for 30 min and rinsed with PBS for with 10% FBS, 200 mg / ml G418, and 10 ng / ml EGF.
three times. The cultures were then incubated for 30 min After characterization, the candidate clones were expanded with biotinylated goat anti-rabbit secondary antibody dito yield independent choroidal epithelial cell line in the luted 1:200 in PBS. The sections were further stained with maintenance medium through over 110 passages up to the ABC reagent to form avidin-biotin-horseradish peroxipresent.
dase complex and examined under a microscope.
.5. Determination of cloning efficiency and cell growth .8. Western blot analysis of TTR rate
Total proteins were extracted from the cultured cells To estimate the immortalizing efficiency, the transfected according to the procedure previously described [30, 31] . cells were seeded in the maintenance medium containing
The cells were harvested and homogenized (1:10, w / v) in G418. Two weeks after initial seeding, the number of a buffer composed of 20 mM Tris (pH 8), 2 mM EDTA, 1 large, round viable colonies were counted. The immortalmM DTT, 0.25 mM PMSF, 1% Triton X-100, 150 mM izing efficiency was determined as the percentage of NaCl, and 0.05% SDS on ice. Following centrifugation at seeded cells which formed the colonies.
13 6003g at 4 8C for 1 h, aliquots (35 mg) of cellular To determine the cumulative cell growth pattern, transproteins, purified rat TTR standard, and protein molecular 6 fected cells were seeded at 3310 cells / ml in the mainteweight markers were loaded onto an 8.5% SDS-polynance medium and passaged at 1:4-6 ratio every 3-4 days acrylamide gel, and subjected to electrophoresis under (Tuesday and Friday of each week). Total cell numbers constant current of 30 mA per gel. The serum-free culture from each passage were then calculated and added to the media from the dishes (100-mm) were collected at 48 h 5 cumulated cell numbers from the previous passages to after the seeding (2310 cells / ml in 10 ml of medium) produce the cumulative cell numbers. For determination of and centrifuged at 13 6003g at 4 8C for 30 min. An cell growth rate, the established immortal cells were aliquot (60 ml) of media was loaded onto the gel. At the 5 5 seeded at 0.5310 and 1310 cells / dish in 1 ml of end of the electrophoresis, the proteins were transferred medium. After initial seeding, the cells were treated with onto a PVDF membrane. The membrane was first incuTrypan blue and counted for both viable and dead cells bated with 5% milk in PBS and then immunoblotted with every day for 5 days. Population doubling time was rabbit anti-rat TTR antibody (1:250) at room temperature calculated from the log-phase of the growth curve.
for 30 min [30] . Membranes were washed three times with PBS. The bound anti-TTR antibodies were detected using 2 .6. Immunocytochemistry of SV40 large T antigen ECL non-radioactive luminescence system (ECL, Gibco) by incubating with HRP-labeled anti-rabbit secondary Cells were grown on coverslips, rinsed with phosphateantibody (1:1000) in PBS at room temperature for 1 h. The buffered saline (PBS), and fixed with 4% paraformalmembranes were then washed and autoradiographed with dehyde in PBS for 15 min at room temperature. The fixed Kodak Biomax MR film (Eastman Kodak, Rochester, NY) cells were pretreated with 0.3% H O for 15 min, washed, for 5-15 s. and preabsorbed with 0.3% horse serum in PBS for 1 h at room temperature. The cells were then incubated with 2 .9. Northern blot of transferrin receptor (TfR) mRNA monoclonal anti-SV40 large T antigen antibody for 1 h at 37 8C, followed by incubation with biotinylated anti-mouse Total RNA was extracted from immortal choroidal IgG secondary antibody for 30 min at room temperature.
epithelial cells using RNA Zolீ B kit (Tel-Test) following The specimens were washed another four times with PBS, manufacturer's instructions. Total RNA (15 mg) was  stained with ABC reagent (VECTASTAIN , Vector Labelectrophoresed on 1.5% agarose gels, followed by soaking in 0.05 mM NaOH for 20 min and then 203 salinethe curves were used to estimate the initial permeability sodium citrate (SSC) for 40 min. After the RNA was rate constant (k ). The procedure to grow the primary i transferred to nylon filter in 203 SSC overnight, the filter epithelial cells on the Transwell system has been described was UV-irradiated, prehybridized in 0.5 M phosphate in our previous publications [30, 31] . buffer (pH 7.2) containing 7% SDS and 1% BSA at 65 8C for 3 h, and then hybridized at 65 8C overnight in the same 6 3 2 solution containing 2310 cpm / ml of random-primed P-3 . Results labeled transferrin receptor cDNA probe. The probe was a 507-base-pair fragment of 59-end of a full length 3.4-kb rat 3 .1. Genotypic characterization of immortalized transferrin receptor cDNA, subcloned to pTZ19U-RTR, choroidal epithelial cells which was a gift of Dr. Griswold at Washington State University. The filters were washed three times for 15 min Transfection of the pSV3neo plasmid was performed on each using 23 SSC with 0.1% SDS at 65 8C, followed by a 5-day-old primary culture of murine choroidal epithelial 0.23 SSC with 0.1% SDS at 65 8C for 15 min by three cells. Twenty-four hours after transfection (in the absence times. The filters were then autoradiographed with Kodak of G418), a heterogeneous population of cells attached to Biomax MR film in an intensifying screen at 270 8C for 3 the culture plate (Fig. 1A) . Selection of transfected cells days.
began at day 3 by culturing the cells in a selection medium containing G418. After 2-3 weeks cultured in the selection 2 .10. Culture on a two-chamber system medium, most of the cells died (Fig. 1B) , while a few of resistant colonies were formed (Fig. 1C) . The frequency of Permeable membranes attached to the Transwell-COL these G418-resistant transformants was usually two to four 5 culture wells (12 mm in diameter, 0.4 mm of pore size) colonies per 3310 cells transfected. Among those picked were pretreated with laminin (14 mg / ml) for 10 min and colonies which had an obvious epithelial phenotype (closeallowed to air dry for at least 45 min prior to cell seeding.
ly packed cuboidal each growing in discrete islands), the Aliquots (0.8 ml) of cell suspension were plated in 12-mm Batch 3 ( Fig. 1D ) maintained a typical choroidal epithelial 5 laminin-coated culture wells (2310 cells per well). This characteristics before and after the critical 'crisis' period. was designated as the inner (apical) chamber. The inner To date, these cells, even after more than 110 passages, chambers were then inserted into the outer (basal) chamretain the ability to express TTR and possess stable cell bers which contained 1.2 ml of culture medium. The growth dynamics. cultures continued for 48 h and the medium was changed
Immunocytochemical staining demonstrated predomievery 2 days thereafter.
nantly nuclear localization of SV40 large T antigen Transepithelial electrical resistance was measured using immunoreactivity in transfected cells (Fig. 2) . Throughout an epithelial volt-ohmmeter (EVOM, World Precision the entire culture period, the SV40 T-antigen was conInstruments, Sarasota, FL) after culture in the bicameral sistently expressed in these cells, indicating that the gene chambers for at least 2 days. The net value of electrical encoding the SV40 large T antigen had been integrated resistance was computed by subtracting the background, into the host genome. Thus, the transfected cells derived which was measured on laminin-coated, control cell-free from the Batch 3 are now referred to as the Z310 immortal chambers, from values of epithelial cells-seeded chambers.
choroidal epithelial cell line. It is noticed that the expresThe formation of confluent cell monolayers was judged by sion of the positive staining was about 53% of the cell three criteria: (1) the cells grew to a confluent monolayer population. The low percentage of staining probably without visible spaces between cell clusters under light reflects a low level of expression of large T antigen due to microscope; (2) the height of the culture medium in the the cell growth in the different stages, or the loss of inner chamber had to be at least 2 mm higher than that in staining due to experimental variations. the outer chamber for at least 24 h; and (3) the electrical resistance across the cell layer had to fall into the range of 3 .2. Morphological characteristics and growth dynamics When studied under light microscope, the cells displayed 14 [ C]sucrose was added into the outer chamber to a final uniform polygonal epithelial type (Fig. 1D ) similar to the concentration of 1 mM (0.4 mCi / ml) [15] . Aliquots (10 normal primary cells from which they were derived [31] . ml) of media in the inner chamber were removed at the Unlike primary cells (Fig. 1A) , there were no other cell designated times, mixed with liquid scintillation solution, types identifiable under light microscopy. These cells have and counted using a Packard Tri-Carb model 2100TR a tendency to form closely packed islands. They are scintillation counter. The data collected during the first 5 h mitotically more active than primary cells. were analyzed by a linear regression fitting; the slopes of Initially, the selected transfected cells grew rapidly after about the 12th passage. Cell growth gradually declined (Fig. 4B ). Further identification of TTR proteins using after the 20th passage and ceased between the 23rd and Western blot analysis demonstrated the existence of TTR 26th passages (the crisis period) (Fig. 3A) . Thereafter, the molecules in the immortalized cells, which was comparcells recovered their growth and divided at a relatively able to those observed in primary choroidal cells, plexus steady rate. A growth dynamic study using cells in the tissue extracts, as well as liver cytosolic fractions (Fig. 5) . 110th passage showed a population doubling time of 20-More interestingly, the media collected from the cultured 22 h in established cultures (Fig. 3B) , in comparison to the immortal cells, which were free of serum, also displayed doubling time of 3-4 days in the starting primary cells the band corresponding to TTR, indicating the secretion of (Fig. 3C) .
TTR by the cultured cells (Fig. 5) . Choroidal epithelial cells in the primary culture express 3 .3. Phenotypic characterization of immortalized high levels of transferrin receptor mRNA [32] . Northern choroidal epithelial cells blot analysis of immortalized Z310 cells clearly demonstrated the presence of mRNAs encoding transferrin reThe existence of cytosolic TTR is a phenotypic hallmark ceptor in these cells (Fig. 6 ). of choroidal epithelial cells. The expression of a choroidal When Z310 cells were seeded onto a semipermeable epithelium-specific marker, TTR, was investigated using membrane in the inner chambers of a Transwell apparatus, immunohistochemical staining with anti-TTR antibody.
the cells displayed similar morphology to those observed Most of the immortalized cells had positively stained in the culture dishes. The formation of a confluent monocytosolic TTR (Fig. 4A) , which was highly similar to those layer occurred within 48 h after seeding. A higher fluid observed in primary culture of rat choroidal epithelial cells level in the inner chamber than in the outer chamber was (Fig. 7) . The numbers of animals, as well as a brief life span in culture. initial permeability rate constant (k ) in the control group These undesirable natures have limited the application of i without cells was 862 fmol / min, whereas the k values in primary cultures to wider investigation. Thus, establishi the Transwell with the primary and Z310 cells were 432 ment of a continuing choroidal cell line has become a and 538 fmol / min, respectively. Thus, the cell monolayer critical strategy for in vitro study of the blood-CSF with Z310 cells appears to be slightly leakier than that with barrier. Immortalization of specific cell types can be primary epithelial cells.
achieved by random integration of viral immortalizing genes to the host genome. Available approaches include the use of simian virus 40 large T antigen (SV40), 4 . Discussion papillomaviruses E6 and E7, adenovirus E1A, EpsteinBarr virus, human T-cell leukemia virus, herpesvirus This study demonstrates a successful immortalization of saimiri, oncogenes, and mutant p53 [16] . We chose SV40 rat choroidal epithelial cells by stable transfection of SV40 large T because most SV40 large T-immortalized cell lines large T into primary choroidal cells. The cultures possess a retain the phenotype of the parent cells and preserve the The cells that survived from the crisis exhibited an extended life span in vitro. By these criteria, the immortalization appeared to be successful in Z310 cells.
Phenotypically, Z310 cells share many similarities with primary choroidal cells. A uniform polygonal epithelial type was consistently observed throughout the life span of the culture. An important property from a functional point of view is the cells' ability to produce TTR. TTR is a 55 000-Da protein consisting of four identical subunits in a tetrahedral symmetry [11] . Per unit of weight, the choroid plexus contains 10 times more TTR mRNA than liver, contact inhibition while the transformed cells have a substantially increased growth rate [1, 7, 18 ]. In the current study, following gene transfection, Z310 cells displayed the genotypic characteristics of immortalized cells such as resistance to G418 selection and persistent expression of predominantly nuclear staining for SV40 large T antigen. strated that Z310 cells possess the capability to produce ance reflects only the tightness of the monolayer of TTR. These data clearly show that the immortalized Z310 confluent cells, but not the physical trademark of tight cells carry the same phenotypic traits as the original junctions. We have not yet examined the tight junctions via primary choroidal epithelia. electron microscopy. In addition, the functional perOne of the concerns in cell immortalization practice is meability of the cell layer to a variety of molecular the long-term genetic drift that may lead to the loss of markers such as creatinine, mannitol, blue dextran, etc., phenotypic characteristics of immortalized cells. Our re-
has not yet been tested. cent studies at the 110th passage showed that Z310 cells During the course of preparation of this work, a report retain the original polygonal morphology. More importanton the establishment of immortal plexus cells (TR-CSFB ly, the cells continue to express TTR and transferrin cells) from a transgenic animal model that carries an receptor.
immortalizing gene has come to our notice [17] . By Transferrin receptor has been shown to be expressed comparison, TR-CSFB cells display the phenotypical extensively in both blood-brain barrier and blood-CSF polygonal cell shape similar to the current Z310 cells. Both barrier [3, 12, 32] . By modulating the transport of trans-Z310 and TR-CSFB cell lines expressed functional marker ferrin-conjugated iron, both barriers contribute to the TTR. Based on the availability of experimental settings, homeostasis of iron in the central milieu. Our previous TR-CSFB cells were capable of taking up various amino results have revealed that among three cultured cell types, acids from culture media, while Z310 cells transported i.e., primary choroidal epithelia, dopaminergic PC12 cell thyroxine across the monolayer barrier (data not shown). It line, and primary astrocytes, the choroidal epithelia appear is, however, not clear as to the effect of long-term in vitro to express transferrin receptor mRNA far more abundantly maintenance on the stability of TR-CSFB cell line with than astrocytes [28, 29, 32] . The current study provides regards to its culture dynamics (e.g., doubling time, etc.), evidence of the presence of transferrin receptor in Z310 its generation parameters (e.g., crisis period, passage cells, suggesting that Z310 cells may possess an ironinformation, etc.), and its genotypic characters (e.g., the regulatory mechanism similar to that of the ascendant loss of expression of SV40 large T and / or TTR). The other primary choroidal cells.
differences between these two cell lines include a longer The primary choroidal epithelial cells can form an doubling time (35-40 h) and a lower electrical resistance 2 impermeable barrier when they are cultured on a porous (50 V-cm ) in TR-CSFB cells than in Z310 cells. membrane between inner and outer chambers of a TransIn summary, we have successfully inserted the pSV3neo well apparatus [22, 31] . The formation of such a 'barrier' plasmid into the host genome of rat choroidal epithelial type of feature is usually characterized by observations cells by using gene transfection techniques. The transfectsuch as the formation of a confluent monolayer, the ed epithelial cells that survived cytotoxic selection display maintenance of an uneven fluid level between inner and typical epithelial morphology. Moreover, these cells posouter chambers for the duration of the culture, and the sess functions unique to the choroidal epithelia. This newly 2 establishment of electrical resistance of 99-200 V-cm established cell line may not completely correspond to the which is increased once the monolayer of cells grows to primary cultures in many functional assessments, but may confluence. In the current study, the net electrical resistconceivably become an invaluable tool for studying bioloance across Z310 cell layer ranged between 150 and 200 gy, physiology, pharmacology, pathology, as well as the 2 V-cm , which approximated the values obtained from the toxicology of the blood-CSF barrier. primary choroidal cell cultures. On freshly isolated plexus tissues, the electrical resistance tends to be lower than those measured in cultured cells. 
